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ABSTRACT
This paper will discuss the performance and adaptability of a microfluidic reconfiguration mechanism in a small
array. Discussion will also include its ability to reduce system degradation resulting from complexity and physical
limitations incurred from the close spatial proximity of bias/control systems on or near the antenna. Implementation
of the microfluidic mechanism can reduce or mitigate the interactions between individual mechanisms within the
aperture and increase the competitiveness of microfluidics over current state-of-the-art. Research at Texas A&M
University in conjunction with the Space Engineering Institute, has developed a novel frequency reconfiguration
system for antennas using electromagnetically functionalized colloidal dispersions (EFCDs). These EFCDs are
electrostatically-stabilized dispersions of magnetodielectric colloidal nanoparticles in a low-loss non-aqueous fluid.
As proof-of-concept a 1x2 array of linearly polarized microstrip patch antennas with parallel capillary structures is
presented. Several theoretical considerations, models, simulated results, and measured results will be provided. The
results include impedance data and radiation behavior as well as effects of the applied fields on the nanoparticles.
without affecting the desired operation by removing
conductive biasing/control lines positioned in close
proximity to antennas differing from prior research on
similar mechanisms [8-11]. Linearly polarized
microstrip patch antenna arrays provide a
demonstration of these concepts. The antennas’
resonant frequency behavior and analytical models
provide insight into the design and implementation of
the microfluidic capillaries (or vascular network);
including a means to link the electromagnetic
contribution of the multiphase mixtures to the overall
operation of an antenna. The resonant frequency and
2:1 VSWR impedance bandwidth are reconfigured by
altering the EFCD volume fraction located in the
capillaries underneath the array.

INTRODUCTION
Microfluidic
reconfigurable
mechanisms
and
Electromagetically
Functionalized
Colloidal
Dispersions (EFCDs) have emerged as a unique
combination
of
enabling
technologies
for
reconfigurable antennas and other tunable devices [13]. The pressure-driven flow and displacement of
EFCDs within a fluidic system is analogous to the flow
of blood cells and other materials in the human
circulatory system. Frequency, radiation, and
polarization reconfiguration of antennas have been
implemented with state-of-the-art components [4-7]
(e.g., PIN diodes, RF MEMS, and photoconducting
switches). Increasing system and fabrication complexity
for large-scale reconfiguration implementation may
load system resources through spatial constraints and
bias/control circuitry causing degrading performance.
The objective remains to diminish loss mechanisms
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depends on the volume fraction, , the environment
permittivity, εe, and the inclusion permittivity, εi.

utilized groups to work in applied research projects
related to the space industry. The goals of the program
are to attract, retain, and train these students for
successful careers in space systems engineering. The
SEI approach is to utilize interdisciplinary and multilevel teams (from freshman to senior level) where
students learn both outside their majors and above their
skill levels. Upper classman and graduate students
provide mentorship that is essential to engage and retain
these students. Each team project requires expertise
from multiple engineering majors and is mentored,
besides the graduate student, by a NASA engineer and a
Texas A&M University (TAMU) faculty. These student
projects have been selected with NASA’s input and
take into consideration the Lunar Architecture
Technologies (LAT II) and Technology Prioritization
Plan (TPP II). Led by the Texas Engineering
Experiment Station, the SEI Program includes student
teams from Texas A&M University Commerce, TAMU
College Station, and TAMU Kingsville.
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Equation (1) is the general equation used when
assuming
the
inclusions
are
monodisperse
homogeneous spheres. The Maxwell Garnett Mixing
Rule can be modified for different shapes, including
needles and discs, inhomogeneous systems, and
polydisperse systems.
Figure 1 1 shows the results of the Maxwell Garnett
Mixing Rule for BSTO particles. The graph shows the
effective permittivity based on the volume fraction for
different shapes of the particles. The monodispersity
limit is at the volume fraction 74.5%, higher volume
fractions can be obtained with a polydisperse system.

Determining the effective properties of the microfluidic
system and designing a method of changing the
microfluidic system volume fraction are the material
team objectives. The analytical background for
determining the effective properties of the microfluidic
system will be presented including equations, results,
and comparisons with established methods to determine
accuracy. Next, a general design method of changing
the microfluidic system volume fraction will be
discussed including initial background theory and the
assessment of three basic designs for system fabrication
and implementation. The antenna team developed a
microstrip patch antenna analytical representation for
frequency reconfiguration, designed two reconfigurable
array orientations with series and corporate microfluidic
feeds, and researched fabrication materials and
hardware. Both teams participated in array fabrication
and experimentation.

Figure 1: Maxwell Garnett Mixing Rule for BSTO
particles

CONSTITUTIVE MIXING RULE
Lattice Modeling

The material flowing through the microfluidic system is
composed of Barium Strontium Titanate (BSTO) [12]
nanoparticles with a diameter <100 nm, Nanosperse ™
surfactant [13], and a low loss petroleum distillate oil
[14]. It is important to determine the effective
properties of this heterogeneous system for the antenna
design. Therefore, the materials team determined the
effective properties of the system using lattice modeling
and comparing the results to the Maxwell Garnett
Mixing Rule.

The materials team solved for the effective properties in
COMSOL [16]. COMSOL is a multiphysics finite
element partial differential equation solver. The BSTO
particles were assumed to be distributed uniformly
throughout the oil with a Face Centered Cubic (FCC)
crystal structure. The team chose to model a FCC
crystal structure since it has the highest packing factor.
The FCC model consists of one-eighth of a particle in
each corner, and one-half of a particle in the center of
each face. This means four particles in the modeled unit
cell. A model of the unit cell is shown in Figure 2.

The Maxwell Garnett Mixing Rule was used to
calculate the effective material properties of a mixture;
the team is using it to calculate the effective
permittivity. The Maxwell Garnett Equation (1) [15]
Goldberger
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The materials team will be looking at polydispersed
systems of EFCDs in the future. A polydispersed
system will allow for higher volume fractions, which
will cause larger frequency shift in the antenna. The
materials team will also be analyzing the effects of
magnetic particles on the system. The antenna’s center
capillary is specifically designed for magnetic particles
and so the new particles can be easily integrated into
the system.
VOLUME FRACTION MANIPULATION
The computer modeling of dielectrophoretic forces in
reservoirs has several important applications to the
functioning of the patch antenna. The primary purpose
is to create tube designs that allow for the most efficient
manipulation of the EFCD’s in the mixture flowing
through the capillaries. By using dielectrophoretic
forces to push particles into a reservoir in the tubing,
the overall volume fraction of EFCD’s in the flow
decreases, thereby changing permittivity. This change
in permittivity causes a change in the resonant
frequency of the antenna. Likewise, by reversing the
direction of the forces and pushing the particles back
into the flow, the volume fraction increases. This causes
a reverse change in permittivity and in resonant
frequency. Another application of COMSOL modeling
is determining the most effective AC frequency with
which to manipulate the particles. This is relevant
because the frequency of the field has a very noticeable
effect on the magnitude of forces acting on the particles
[18]. COMSOL is able to simulate desired geometries
at any frequency, thus an optimum frequency can be
determined easily. By finding the most effective
geometry and frequency in COMSOL, the application
of this system on the antenna will be more worthwhile.

Figure 2: FCC Crystal Structure Model
The materials team modeled the crystal structure at
volume fractions of 10%, 20%, 30%, 40%, 50%, and
60%. In COMSOL, the unit cell was modeled with
periodic boundary conditions, and the effective
properties were calculated. More details of this
effective properties calculation can be found in [17].
The results of the COMSOL model, shown in Figure 3,
were compared to the Maxwell Garnett Mixing Rule to
determine the accuracy of the model. Some error is seen
at the higher volume fractions, but the COMSOL
results match the well-established Maxwell Garnett
mixing rule at volume fractions lower than 50%. The
error at the higher volume fractions is likely due to
hardware limitations that placed a limit on the mesh
density.

Background
Dielectrophoresis is a type of electric force in which a
force is created on a particle from a non-uniform
electric field. Also referred to as DEP, dielectrophoresis
has great functionality as a method of manipulating
particles within an electric field [19]. In the context of
the advanced antenna, dielectrophoresis will be used to
control the path of electrically functionalized colloidal
dispersions (EFCDs) within the tubing of the antenna.
By successfully modifying particle path, the user can
vary the volume fraction, which in turn causes a shift in
frequency. The force imparted upon a particle by
dielectrophoresis is given by Equation (2) [19], where
ε1 is the permittivity of the environment, ε2 is the
permittivity of the particle, R is the radius of the
particle, and E is the value of the electric field.

Figure 3: Results of COMSOL Modeling Compared
to Maxwell Garnett Mixing Rule
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electrode covers the top surface of the main rectangular
prism capillary. The dielectrophoretic forces,
represented by the black arrows, varied based on the
point location, but they were typically around 10 -22 N
with a maximum of about 10-19 N. The strongest forces
appeared at the edges of the bottom electrode where the
gradients were higher. The forces were also generally
larger for deeper pits.

(2)

Since the electric field is classified as AC, complex
permittivities must be used. The Equation (3) [19] gives
the formula for complex permittivity in terms of
conductivity, σ, and frequency, ω:

*   


j

(3)

These equations are the primary basis for the research
done by the materials team. These equations were used
in COMSOL to obtain the forces on particles at various
locations of different electrode configurations.
Design One Model

Figure 5: Wide Reservoir Model

The first model analyzed for the dielectrophoretic force
was the simple electrode model, shown in Figure 4. It
consists of a rectangular electrode on the top and
bottom of a rectangular pipe. The electrodes had
opposite potentials of +1 V and -1 V to create an
electric field for the dielectrophoretic force. This model
was analyzed first to verify that the modeling was
successful. As seen in Figure 4, the black arrows
representing the dielectrophoretic force point towards
the bottom (blue) electrode indicating that the particles
would move toward the electrode. In the subsequent
models, there is a reservoir at the bottom to collect the
particles.

Design Three Model
Figure 6 shows the third design incorporates two key
differences from the previous designs. First, the width
of the actual reservoir is less than that of the second
model. Second, the bottom electrode only covers a
segment of the reservoir. By making these changes,
there is much less uniformity in the electric field
created by the electrode, which in turn creates higher
dielectrophoretic forces acting on the particle.
COMSOL force analysis reveals forces of picoNewtons. These simulated forces are several orders of
magnitude greater than calculated forces compared to
previous models. Therefore, this reservoir geometry
creates a more feasible colloidal particle manipulation
method. The final particle manipulation system design
is far from complete, but the materials team has a good
starting point for the next iteration of the design
process.

Figure 4: Simple Electrode Model

Design Two Model
The wide reservoir model, shown in Figure 65, uses a
basic rectangular pit to store the particles. One
electrode covers the bottom surface of the pit. The other
Goldberger
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impedance and electric-field distribution of the
fundamental TM10 mode. Ohm’s law defines
impedance Z where voltage  electric field (E) and
current  magnetic field (H). When the E-field has a
zero at the patch center, the impedance will be zero.
When the E-Field has a maximum at the edges, the
impedance will be the highest. To reduce standing
waves and power reflections, the antenna and coaxial
probe impedances are matched at 50 Ω. A perfect
match yields maximum power delivered to the antenna.

Figure 6: Thin Reservoir Model

Figure 8: Transmission Line Model of Patch

MICROSTRIP PATCH ANTENNA DESIGN
Microstrip patch antennas are simple resonant
structures consisting of a ground plane, substrate, and
patch. Low-profile antennas are designed for
applications where size, weight, cost, and fabrication
and design ease desirable [20]. Figure 7 shows the basic
rectangular patch antenna topology. Flexible
polydimethylsiloxane (PDMS) or Sylgard 184 [21] was
selected for the substrate material. Sylgard has a
dielectric constant εr = 2.66 [22]. Integrating the
microfluidic capillaries into the substrate required a
height h = 5 mm. SMA coaxial probes with
characteristic impedance Z0 = 50 Ω were used with a
resonant frequency of 3 GHz.

Figure 9: Electric Field of Patch
RECONFIGURTION IMPLEMTATION
The materials discussed above were implemented in the
antenna using a biologically inspired method.
Capillaries were placed with-in the substrate where the
materials are pressure driven and flow through the
antenna analogous to the human circulatory system
delivering nutrition and removing waste throughout the
body [23]. Material perturbation theory was used for
determining the exact capillary positioning. Material
perturbation theory states for some general resonant
cavity with initial magnetic μr and dielectric εr materials
perturbs the cavity by adding new magnetic △μr and
dielectric △εr quantities seen in Figure 10. The electric
and magnetic fields can be derived from the Cavity
model of microstrip patch antennas. This treats the
antenna as resonant cavity encompassed by perfect
electric and magnetic boundaries.

Figure 7: Microstrip Patch Antenna
Figure 8 illustrates the rectangular patch antenna as a
transmission line and equivalent circuit representation.
The two radiating slots are admittances with
conductance G and susceptance B and dependant on the
patch width. The probe feed position y0 and the ratio
y0/L control the input antenna impedance. Input
impedance has a maximum at the radiating edges of the
patch (along the length direction) and minimum in the
center. Figure 9 shows the relationship between
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materials are pressure driven and flow through the
antenna analogous to the human circulatory system
delivering nutrition and removing waste throughout the
body [3]. Material perturbation theory was used for
determining the exact capillary positioning. Material
perturbation theory states for some general resonant
cavity with initial magnetic μr and dielectric εr materials
perturbs the cavity by adding new magnetic △μr and
dielectric △εr quantities seen in Figure 10. The electric
and magnetic fields can be derived from the Cavity
model of microstrip patch antennas. This treats the
antenna as resonant cavity encompassed by perfect
electric and magnetic boundaries.

Figure 12: Capillary Placement using Dielectric
Materials

Figure 13: Capillary Placement using Magnetic
Materials
PROOF OF CONCEPT
Simulation Model
HFSS [24], a full-wave electromagnetic simulator with
a built-in computer aided design (CAD) software
package, provides a CAD antenna model tested for
performance metric specifications including VSWR,
impedance measurements, and radiation patterns prior
to fabrication and can include capillaries delivering the
BSTO into the system at varying volume fractions,  .
The VSWR describes the operating bandwidth and
resonant frequency. The Smith Chart shows complex
impedance measurements. The radiation patterns are
polar plots of the direction the antenna is radiating. The
substrate used in this experiment was simply air (a
vacuum). For a base case, all three capillaries were air,
to mimic a uniform substrate and the antenna was tuned
to the base frequency of 3 GHz. Since BSTO is a
dielectric material, the center capillary was not used,
and air filled throughout the experiment. The results
from HFSS simulation are shown in Figure 13. Because
the  has a limit of about 0.925 which corresponds a εr
of about 80, the limiting case is effectively when DI
water (εr = 81) is pumped through the capillaries. This
knowledge was used in the fabricated model

Figure 11: Material Perturbation
Material perturbation occurs from a cylindrical
capillary of diameter d (containing EFCDs), which
changes the cavity’s resonant frequency (4) [23].
Component vectors E0 and H0 represent the initial
electric and magnetic fields in the cavity, while E and
H represent the electric and magnetic field vectors after
a small material () perturbation.
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For small perturbations (i.e., or approach zero) in
the resonant cavity, the resonant frequency decreases
slightly. A succession of incremental changes provides
a large change in  or , thus causing a large frequency
decrease. It is important to note that a small change in 
where the E-field nears zero, or likewise  where the Hfield nears zero does not decrease the resonant
frequency. Thus, the placement and orientation of the
capillary that will garner maximum effect depends on
the EFCD constitutive parameters (, ). Figure 7
shows the fluidic capillaries imbedded in the antenna
substrate and their proper position based on EFCD
material. The dielectric capillaries are located along the
radiating edges (where the electric field is a maximum)
shown in Figure 11. The magnetic capillaries are
located at the patch center (where the magnetic field is
a maximum) shown in Figure 12.

Goldberger
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Plane model is built with the two probes aligned on the
H-Plane, Figure 17. Likewise, the E-Plane model is
created by aligning the two probes on the E-Plane,
Figure 18. When looking at coupling, the edge-to-edge
separation between the two patches, S, is an important
parameter.

Fabricated and Measured Model
To create the vacuum substrate from simulation, a resin
composite foam was used having a εr ~1. Straws filled
with air/BSTO were created and the fabricated model is
shown in Figure 15. The results are shown in Figure 16.
The frequency shifts for both simulated and measured
tests do agree. At corresponding  frequency shifts
were less than 42 MHz apart from the two tests. In both
tests, the antenna bandwidth decreases due to the
increasing permittivity. The Smith Chart impedance
data is different because the simulated results were deembedded meaning wave port phases were effectively
cancelled out. This data proved the major concepts
behind this project and shows the way this immerging
technology functions. However, this project does not
involve a basic microstrip patch antenna design, but an
array microstrip patch antenna.

Figure 17: H-Plane Model

Figure 15: Fabricated Model

Figure 18: E-Plane Model

Figure 16: Measured Results

Design Considerations
Sylgard’s has a lack of an adhesive property because
glue or any sort of tape does not adhere well, if at all.
Therefore, a thin sheet of RT Duriod 5870 [25], of
thickness 5 mil, was placed flat on the Sylgard. The
Duriod thinness had small electromagnetic effects on
the antenna. The patches could be photo etched using a
lithography process available ensuring maximum
accuracy of dimensions. A very flat ground plane was
guaranteed by using 3 mm thick aluminum. For
accurate capillary placement within the Sylgard, custom
substrate molds were made for the E-Plane and H-Plane
models. The spacing between the probes, in both H and
E-Plane, is λ0/2 have the patches close enough to be
considered and array and far enough to not act as a
single element. The capillaries are 3 mm in diameter.
The dimensions for the H-Plane are W = 37 mm, L =
28.3 mm. The dimensions for the E-Plane are W = 37
mm, L = 27.9 mm.

ANTENNA ARRAY
This project array consists of two elements, or two
patches, each initially tuned at 3 GHz prior to
introducing the BSTO material on Sylgard substrate.
Each patch is feed with its own coaxial line, making
this array a two-port structure. To avoid conflicting
radiation patterns the patches are feed in-phase
throughout testing. There are two different ways to
model the array, an H-Plane model and an E-Plane
mold [20].
H-Plane and E-Plane Model
The current direction on the patches is indicated by the
black arrows, which also corresponds to the E-Plane.
The H-Plane is perpendicular to this. Therefore, the HGoldberger
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both patches at full reconfiguration capacity. This is
illustrated in Figure 21 and results shown in Figure 22.

Figure 19: H-plane array topology

Figure 20: E-plane array topology

Simulation
Simulation was completed on a very realistic physical
model of the actual reconfigurable antenna system.
Capillaries were included in the substrate, initially oil
filled with a variable BSTO displacement examined at
different stages under the patches. The simulation could
therefore tune out the oil and Duriod under the patches
saving time and effort in the fabrication stage.
The H-Plane reconfiguration process includes five
different cases where the patches reconfigure
consecutively. In the first case, the base case, oil is
underneath both patches. In the second case, BSTO will
be half way through the first patch causing it to start
reconfiguring. In the third case, BSTO will be
completely underneath the first patch but not yet under
the second patch causing the first patch to fully
reconfigure. In the fourth case, BSTO will be
completely under the first patch and halfway
underneath the second patch causing the second patch
to reconfigure with the first patch stays reconfigured. In
the fifth and last stage, BSTO will be completely under

Goldberger
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Figure 22: H-Plane Simulation Results

As Figure 22 shows, the two patches do reconfigure
consecutively for the H-Plane case. From the data, as
the patches reconfigure, there is some slight detuning in
the antenna. This happens because the BSTO material
introduces new loses into the system. The coupling
results for the H-Plane are shown in Figure 23.

Figure 23: H-Plane Coupling Results

From the data, as the patches reconfigure, the coupling
in the system increases slightly. This happens because
introducing the BSTO into the system effectively
makes the patches longer by causing the fringing fields
to move further away from the patches. Therefore, the
edge-to-edge separation between the patches is shorting
throughout the reconfiguration process. The radiation
patterns of the antenna are shown in Figure 24.

Goldberger
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decrease in gain, again due to the length extensions of
the patches.
The E-Plane simulation results are very similar to the
results from the H-Plane simulation results, however,
the patches reconfigure simultaneously in three
different cases as seen in the Figure below. This
configuration involves the use of six total capillaries for
simultaneous reconfiguration. The results from
simulation are shown in Figure 23.

Figure 24: H-Plane Radiation Pattern Results

Figure 25: E-Plane Cases

The smaller patterns on the plots represent the cross
polarization which is negligible in all cases due to
linearly polarization. For the first case, the both patches
are in-phase and thus, have the same radiation pattern.
In the next three cases, since the patches are
reconfiguring separately both will have different
polarizations. The reason for this behavior results from
the patches acting like parasitic elements to one
another, from the effective length extension on the
patches [26]. Thus, one patch is acting as a reflector and
one is acting as a director of the pattern in these three
cases. In the fifth case, both patches are fully
reconfigured with a slight increase in beam width and
Goldberger
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Figure 26: E-Plane Simulation Results
Figure 27: E-Plane Coupling Results
The same effects of de-tuning are seen from introduces
losses from the BSTO. Likewise, as in the H-Plane
model, the coupling increases due to an increase in the
edge-to-edge separation of the patches from the
effective length extension as seen in Figure 27. The
radiation pattern simulations are always in-phase
because the two patches reconfigure simultaneously and
are shown in Figure 28. Again, a decrease in gain and
increase in beam width are seen from introducing the
BSTO. Cross polarization magnitude was less than -20
dB on the plots, thus not visible.

Figure 28: E-Plane Radiation Pattern Results
Goldberger
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Mold Construction
In order to begin mold construction, an aluminum plate,
6.5 mm thick, was ordered. An aluminum cutter
machine was used to cut a rough estimation of the mold
dimensions. After, the inner dimensions were marked to
account for walls ~2 mm thick. Next, a manual milling
machine was used to start milling out the 5 mm depth
cavity of the mold. After a 1/8” drill bit was used for
the capillaries rod placements on the walls. The only
difference in the H-Plane and E-Plane was slight
dimension changes and the number of holes to be
drilled. Figure 29 shows a graphical representation of
the mold construction.

Figure 30: Sylgard Construction

Materials Distribution System
In order to implement the materials into the antenna
system for reconfiguration a mechanism was needed
push the fluids. A syringe pump was elected for this
operation. Syringes hold the fluid, either oil or BSTO,
and the syringe pump, controlled through Labview [27]
mechanically pushes on the syringe at a given flow rate.
The Labview program used was not custom created, but
instead came with the driver provided for the pump.
The syringe pump is shown in Figure 31 and the
Labview inter-phase is shown in Figure 32. Figure 32
shows various distribution system parameters are
controlled including syringe size, flow rate, and
maximum allowed flow.

Figure 29: Mold Construction

PDMS Construction
Construction began by mixing appropriate volumes of
the Sylgard material and curing agent (10:1 ratio
respectively). Then this solution was stirred using a
magnetic stirrer for approximately 20 min. The stirred
solution was then poured into the molds. Next, the
solution was baked at 125°F for two hours to cure.
Finally, the capillary metal rods were removed and the
substrate was eased out of the mold. This process is
shown graphically in Figure 30.
Goldberger
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been distinguished with the color black and patch two
the color red in Figures 36 to 39.

Figure 32: Syringe Pump Interface

Figure 34: Fabricated H-plane Array

Final Reconfiguration System
Figure 33 shows the final completed reconfiguration
system. Plastic, polyurethane tubing was used to
interconnect the antenna to the syringe pump and a
reservoir of used fluids was used at the end of the
system. The network analyzer, PNA [28], allows for the
measurement of performance metrics for VSWR plots
and Smith Charts, by sending energy into the antenna at
a desired frequency sweep. The PNA connects to the
SMA probes on the antenna.

Figure 35: Fabricated E-plane Array

The center capillary was filled with oil and remained
static during reconfiguration. The EFCD mixtures
contained BSTO (r2 ~ 1000 and tan() ~ 0.01) and
were dispersed in a low-loss petroleum distillate (r1 ~
2.1 and tan( ) ~ 0) at two different  {0% and 58%}
Figure 36 shows the VSWR for the H-plane array as the
EFCDs progress through the capillaries. The patch one
of the array had a resonate frequency of 2.959 GHz and
patch two was 2.996 GHz. The experiment was
completed in four steps. Case one shows both patch
antennas have the same resonant frequency. Case two
has the EFCDs half way underneath the first patch and
a frequency shift to 2.85 GHz. Cases three and four
show the second patch changing frequency from 3 GHz
to 2.66 GHz providing a shift of 292.5 MHz. The
impedance for both antennas remains constant through
reconfiguration.

Figure 33: Reconfiguration Testing Topology

EXPERIMENTAL RESULTS
Two different array orientations were fabricated for
testing. Figure 34 shows the H-plane orientation with
series microfluidic feeds and Figure 35 shows the Eplane array with a corporate microfluidic feed. Both
designs have an aluminum ground plane 3 mm thick, a
PDMS substrate 5 mm thick, and a thin layer of Duroid
5870 5 mils thick. The microfluidic channels are
imbedded in the substrate. The SMA probes are
attached to the ground plane with screws. Screw holes
were not drilled through the ground plane to reduce
surface wave reflections. Polyurethane tubes, having a
3 mm diameter, were connected to the PDMS substrate.
The H-plane array reconfigures consecutively and the
E-plane reconfigures simultaneously. Patch one has

Goldberger
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shows both patch antennas have the same resonant
frequency. Case two has the EFCDs half way
underneath the both patches and a frequency shift to
2.85 GHz from 3 GHz matching the first reconfigured
step of the H-plane design. Case three shows the
EFCDs fully progressed through both patches changing
frequency from 3 GHz to 2.83 GHz providing a shift of
230.6 MHz. The reconfigured ranges decreased in the
E-plane design due to a small fracture in one capillary
under patch one. This broke the vacuum seal in the
fluid network and significantly reduced fluid pressure
for moving EFCDs in the array. The impedance for
both
antennas
remains
constant
through
reconfiguration.

Figure 36: H-plane VSWR and Impedance

Figure 37 shows the mutual coupling of the H-plane
array with only oil in case one. Figure 37 shows the
mutual coupling with the BSTO in cases two through
four. The mutual coupling in Figure 37 agrees with
trends established in Figure 23. As  increases, the
electrical length between the elements decreases,
causing the coupling between antennas to increase. The
S21 signal has a ripple because of a surface wave
excited by the SMA probes and reflected back at the
substrate edges. The fabricated H-plane array did agree
with trends established by the simulations.

Figure 38: E-plane VSWR and Impedance

Figure 39 shows the mutual coupling of the E-plane
array with only oil in case one. Figure 39 shows the
mutual coupling with the BSTO in cases two and three.
The mutual coupling in Figure 39 agrees with trends
established in Figure 27. As  increases, the electrical
length between the elements decreases, causing the
coupling between antennas to increase. The S21 signal
has a ripple because of a surface wave excited by the
SMA probes and reflected back at the substrate edges.
The fabricated E-plane array did agree with trends
established by the simulations. The mutual coupling of
the H-plane was higher than the E-plane initially
because the physical edge-to-edge spacing between the
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Figure 39: E-plane Mutual Coupling

CONCLUSION
This project demonstrated the advancement and
adaptability of a microfluidic reconfiguration
mechanism based on the vascular network integration
of
electromagnetically
functionalized
colloidal
dispersions (EFCDs) used in multifunctional material
antenna arrays. Two 1x2 linear arrays of microstrip
patch antennas were fabricated and frequency
reconfigured by varying volume fraction compositions
of dielectric colloidal material suspended in a low-loss
petroleum distillate oil.
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